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eceptor-mediated endocytosis is the process by which eukaryotic cells concentrate and internalize cell surface receptors from the plasma membrane into small ( 50 nm-100 nm diameter) membrane vesicles (Chen et al. 2011; McMahon and Boucrot 2011; Weinberg and Drubin 2012) . This mechanism has been studied extensively in mammalian tissue culture cells and in yeast, and despite the evolutionary distance between yeast and mammalian cells the mechanism of receptor-mediated endocytosis in the respective cell types show remarkable similarities. Indeed many of the 60 endocytic accessory proteins (EAPs) found in yeast have homologs in mammalian cells, although both cell types also have unique EAPs (McMahon and Boucrot 2011; Weinberg and Drubin 2012) .
In the following, we briefly describe known yeast and mammalian EAPs (Table 1) . We then focus on recent efforts toward integrated models describing how EAPs are spatially and temporally organized to form endocytic vesicles. Many of these more recent studies have exploited advances in fluorescence microscopy and the use of fluorescent proteins (FPs) in live-cell imaging. We do not discuss the relationship between receptor-mediated endocytosis and signaling, which has been covered by recent reviews (Sigismund et al. 2012 ; see also Bökel and Brand 2013; Cosker and Segal 2014; Di Fiore and von Zastrow 2014) .
A MODULAR DESIGN FOR YEAST AND MAMMALIAN ENDOCYTOSIS
In some respects, the endocytic machinery resembles a 3D jigsaw puzzle in which many of the pieces can interact with more than one of the other pieces and the size, composition, and shape of the jigsaw puzzle changes with time. Merely knowing the pieces does not tell you how the machine is organized.
Advances in live-cell fluorescence imaging techniques and the introduction of fluorescent proteins enabled the dynamics of endocytic accessory proteins to be monitored in live cells (Kirchhausen 2009 ). In yeast EAPs are recruited to, and dismissed from, sites of endocytosis in a stereotyped sequence relative to the inward movements of endocytic buds (Kaksonen et al. 2005; Carroll et al. 2012) . Based on the spatiotemporal patterns of recruitment of endocytic accessory factors to sites of endocytosis, five distinct functional modules of proteins were identified: (1) an early module (Ede1, Syp1), (2) a coat module (clathrin, End3, Sla1, Pan1), (3) a WASP/Myo module (Bbc1, Myo5, Las17), (4) an amphiphysin module (Rvs161, Rvs167), and (5) an actin module (Sac6, Cap1, Cap2, Abp1, actin, Arp3) (Fig. 1 ). The precise role(s) of the different modules in endocytic bud formation are described in detail later in this review.
Unlike yeast cells, until recently it was not possible to replace endogenous genes in mammalian cells with their FP tagged cognates (but see Doyon et al. 2011) . Instead low overexpression levels of endocytic accessory proteins were used, although this naturally raised concerns over potential artifacts caused by protein overexpression (Doyon et al. 2011 ; although see Aguet et al. 2013) . Nonetheless, the recruitment of FP tagged endocytic accessory proteins was measured relative to single productive scission events in one cell type (mouse fibroblasts) with a temporal resolution of 2 sec (Merrifield et al. 2005; Taylor et al. 2011 Taylor et al. , 2012 . Using cluster analysis to group protein-FP recruitment profiles, it was found that there were approximately seven natural groups of accessory protein recruitment kinetics corresponding to approximately four different protein modules: (1) the coat module, divided into (i) a clathrin submodule (epsin2, clathrin light chain, and NE-CAP), and (ii) an adaptor/F-BAR submodule (FCHo1/2, Eps15, AP2); (2) the NBAR domain module (endophilin2, amphiphysin2, and BIN1); (3) the actin module including (i) actin polymerization submodule (Abp1, cortactin, and Arp3), and (ii) actin depolymerization/ suppression (cofilin, coronin1B, and SNX9); (4) the dynamin/myosin/N-WASP module (dynamin1/2, myosin/N-WASP, Eps8, Hip1R, myosin6, and syndapin2); (5) the GAK postscission module (GAK, ACK1, and OCRL1); (6) the Rab5a module (Rab5a and APPL1); and (7) the Fbp17/CIP4 module (Table 1) (Taylor et al. 2011) .
The structural homologies between many mammalian and equivalent yeast EAPs are striking and the assembly dynamics of the EAPs appear overall rather similar. However, there are many intriguing differences in the spatiotemporal organization of the mammalian and yeast endocytic machinery. For instance, in mammalian cells clathrin is thought to be an integral part of the membrane-curvature generating mechanism required for clathrin-coated pit (CCP) in- Figure 1 . Clathrin-mediated endocytosis in mammalian and yeast cells. The basic sequence of events is similar but the requirements for clathrin, actin, and dynamin differ between these organisms. The shape of the endocytic intermediates is approximately spherical in mammals, but tubular in yeast.
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Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016733 vagination (Dannhauser and Ungewickell 2012; Kirchhausen 2012) . In contrast, in yeast cells clathrin is not obligatory for receptor-mediated endocytosis (Payne et al. 1988) . Rather, clathrin is recruited to the site of bud initiation when the membrane is still flat and membrane curvature is tightly correlated with actin polymerization (Kukulski et al. 2012) . Finally, there are apparently striking differences in the mechanism of membrane scission in mammalian and yeast cells. In mammalian cells, membrane scission absolutely requires the large GTPase dynamin (Ferguson and De Camilli 2012) whereas in yeast cells actin, rather than an equivalent GTPase is important for scission (Kishimoto et al. 2011) . The mechanistic similarities and differences between mammalian and yeast endocytosis are summarized in Figure 1 .
Why are there differences in the organization of mammalian and yeast endocytosis? This may be attributable to physical constraints placed on the endocytic machinery in these two very different types of cells. For instance, it has been proposed that actin plays an obligatory role in walled yeast endocytosis because high membrane tension resulting from turgor pressure elicits more work to invaginate the membrane as compared with mammalian cells (Meckel et al. 2004; Aghamohammadzadeh and Ayscough 2009; Boulant et al. 2011) . Indeed, there is evidence that membrane tension may modulate the requirement for actin in mammalian CME and yeast protoplasts wherein regimes of high membrane tension, generated by hyperosmotic challenge or physical stretching, invoke a requirement for actin (Aghamohammadzadeh and Ayscough 2009; Boulant et al. 2011 ). The differences in turgor pressure may also explain the differences in the shapes of endocytic membrane invaginations, which are roughly spherical in mammalian cells but tubular in yeast (Idrissi et al. 2012; Kukulski et al. 2012 ).
EAPs AND ENDOCYTIC SITE NUCLEATION: WHENCE THE PITS?
A simple question in the biology of CME is how CCPs start (Ehrlich et al. 2004; Antonescu et al. 2010; Henne et al. 2010; Nunez et al. 2011; Cocucci et al. 2012; Merrifield 2012; Umasankar et al. 2012) . Much of the spatial and temporal regulation of endocytosis is probably conducted by regulating the initiation of CCP assembly. Many EAPs, including adaptor proteins, contain basic motifs adapted to bind negatively charged phosphatidylserine (PS) and phosphatidylinositol-4,5-bisphosphate (PIP2) concentrated in the inner leaflet of the plasma membrane (Antonescu et al. 2010) . One might thus speculate a priori that the association of negatively charged phospholipids, adaptor proteins, receptor cargo, and coat proteins at the inner leaflet of the plasma membrane would be the first event in coated bud formation, and this has indeed been the central tenet in investigations of CCP nucleation.
First, the evidence for a role for negatively charged phospholipids in bud nucleation in both yeast and mammalian cells is well-established (Jost et al. 1998; Abe et al. 2008; Zoncu et al. 2009; Antonescu et al. 2010; Sun and Drubin 2012) . In mammalian cells, depletion of plasma membrane PIP2 by pharmacological challenge with the Ca 2þ ionophore ionomycin or by the engineered translocation of a PI5-phosphatase to the plasma membrane triggered a dramatic loss of CCPs and abolished CCP initiation events as measured using clathrin light chain-fluorescent protein (Clc-FP) or adaptor protein complex-2-fluorescent protein (AP2-FP) probes ; although see Abe et al. 2008) . By probing the cytoplasmic face of the plasma membrane with a GST-PH probe, gold labeling, and observation by EM, it was shown that PIP2 was significantly more concentrated at the rim of CCPs than on the surrounding, flat membrane or the apex of the CCP invagination (Fujita et al. 2009 ). It will be interesting to find, using alternative PI specific probes, whether other PIs are concentrated at CCPswith a similarly heterogeneous distribution.
Where does the PIP2 concentrated at CCPs come from? It seems unlikely that localized PIP2 production contributes to CCP initiation or maturation because no PIP2-kinases have been localized to CCPs (Sun et al. 2007; Antonescu et al. 2010) . In contrast a variety of PIP 2 (5 0 )-phosphatases (OCRL, Sjn1, and Sjn2) do local-ize to CCPs and play important roles in CCP maturation and budding (Perera et al. 2006; Mao et al. 2009; Nakatsu et al. 2010 Nakatsu et al. , 2012 Taylor et al. 2011) . A model has therefore emerged in which PIP2 diffusing in the plasma membrane is sequestered at the CCP nucleation site through interaction with a variety of PIP2-binding EAPs and wherein PIP2 turnover plays a key role in CCP maturation and scission (Antonescu et al. 2010) . In a very recent development it was discovered that PI(3,4)P 2 plays an essential role in the later stages of CCP invagination and transition from invaginated to V shaped CCPs (Posor et al. 2013 ). The PIP(3,4)P 2 concentrated at CCPs is produced locally from PI(4,5)P 2 by the concerted action of PI5 phosphatases and PI3K C2a and is required for recruitment of the BAR domain protein sorting nexin 9 (SNX9) (Posor et al. 2013) . It should be noted that PI4P may also contribute to the recruitment of EAPs because PI(4,5)P 2 and PI4P have some degree of overlap in defining the electrostatic properties of the inner leaflet of the plasma membrane (Hammond et al. 2012 ). The phosphoinositide PI4P has been associated with clathrin-coated vesicle (CCV) uncoating, so precisely how PIP2, PI(3,4)P 2 , and PI4P are coordinated at CCPs remains an intriguing area of investigation (Nakatsu et al. 2012; Posor et al. 2013) . In yeast, negatively charged phospholipids play a similarly important role in CCP nucleation although here PS, rather than PIP2, is essential for endocytic bud site selection and initiation, whereas PIP2 is required for efficient invagination .
Second, the role of adaptor proteins in bud nucleation in both mammalian and yeast cells is generally clear (Motley et al. 2003; Antonescu et al. 2010; Cocucci et al. 2012) , although some areas of controversy remain. In mammalian cells a plethora of adaptor proteins have been described (Fig. 1) , although the AP2 complex is the best studied and most important. Knockdown of AP2, the main adaptor protein complex in mammalian cells, led to a dramatic loss of CCPs, abrogation of TfR (Motley et al. 2003) and EGFR internalization (Goh et al. 2010) , and a correlate reduction in CCP nucleation events (Motley et al. 2003) . However, a small population ( 1/12th the original) of CCPs nucleated in the apparent absence of AP2 and remained competent, for epidermal growth factor receptor (EGFR) internalization (Motley et al. 2003) . It has been suggested that these CCPs retain small amounts of the residual AP2 complexes ) which may be enough to nucleate CCP formation. Thus, whereas there remains some controversy, it seems likely that AP2 complexes play an essential role in the nucleation of most CCPs and AP2 may serve as a paradigm for the role played by adaptors in CCP nucleation. The distribution of PIP2 in the inner leaflet of the mammalian plasma membrane is uniform in nonexcitable cells (Antonescu et al. 2010 ) and AP2 has a relatively low affinity for PIP2, leading to the suggestion that AP2 "samples" the plasma membrane (Cocucci et al. 2012 ). On binding PIP2 the AP2 complex undergoes a dramatic structural rearrangement and unfurls to reveal cargo and clathrin-binding motifs (Jackson et al. 2010 ). If the AP2 complex then successfully binds receptor cargo and clathrin further PIP2-binding motifs are revealed, association with the membrane strengthens and nucleation of a nascent CCP begins (Jackson et al. 2010 ). In this model, the AP2 complex therefore acts as a coincidence detector directly linking PIP2, receptor cargo, and clathrin. Similarly, in yeast Ede1p (Eps15 homolog), clathrin, the AP2 complex, and Syp1p (FCHo homolog) are recruited early to nascent endocytic sites (Burston et al. 2009; Carroll et al. 2009; Reider et al. 2009 ). Deleting genes for Syp1, AP2 complex, or Yap1801/2 does not cause defects in endocytic dynamics but these proteins are important for the internalization of certain cargo (Burston et al. 2009; Carroll et al. 2009; Reider et al. 2009 ). The yeast scaffold protein Ede1p (Eps15 homolog) was found necessary for recruitment of the majority of earlyarriving proteins barring the adaptor protein Yap1802p (Carroll et al. 2012) .
Third, the ( perhaps self-evident) role of clathrin in metazoan CME has been clearly shown and knockdown of clathrin heavy chain using siRNA led to a loss of coated pits and a concomitant decrease in both TfR and EGFR endocytosis (Motley et al. 2003; Huang et al. 2004 ). However, controlled elimination of clathrin heavy chain expression in chicken DT40 lymphocytes abrogated, but surprisingly did not entirely abolish, TfR recycling although the majority of cells died via apoptosis (Wettey and Jackson 2006) . Unlike metazoan in yeast cells it was shown that clathrin is important, but not obligatory, for receptor-mediated endocytosis (Payne et al. 1988; Tan et al. 1993; Carroll et al. 2012 ). In CLC-1 knockout yeast, the later arriving proteins Sla2p (Hip1R homolog) and Ent1/2p (epsin homologs) were found to have longer lifetimes indicating that clathrin facilitates the transition from intermediate to late coat stages (Carroll et al. 2012) .
Finally, the role of receptor cargo in CCP nucleation in mammalian cells has been clearly shown. Overexpression of the TfR did not increase the nucleation rate of CCPs but did increase the probability of CCPs successfully maturing (Loerke et al. 2009 ). However, an elegant experiment by Schmid and coworkers showed that local clustering of biotinylated TfR into tetramers using fluorescent streptavidin did promote CCP nucleation, suggesting that localized concentration of signaling motifs promoted CCP nucleation by recruiting adaptor proteins (Liu et al. 2010) . The picture in yeast cells is less clearly defined and, unlike mammalian cells, the arrival of the receptor cargo, afactor apparently occurred after the initiation of bud nucleation (Toshima et al. 2006) .
Although the studies described have shown that anionic phospholipids, adaptor proteins, cargo, and coat proteins are necessary for bud initiation, the precise mechanism of the very earliest steps in CCP nucleation has remained obscure.
In mammalian cells, an elegant series of single molecule TIR-FM imaging experiments described the earliest 5 sec in the life of CCPs (Cocucci et al. 2012) . Importantly, the stoichiometry of adaptors, clathrin, and receptor cargo could be inferred through careful quantification of the stepwise increases in FP tagged EAPs at nascent CCPs. It was shown that the nucleation of discrete, punctate CCPs occurred stochastically by minimal association of PIP2, 2AP2 molecule, and 1 clathrin triskelion (Cocucci et al. 2012) , similar to predictions presented in earlier studies.
An alternative hypothesis to the "AP2-centric" model of CCP nucleation is that CCPs are nucleated by a specialized "nucleation complex" consisting of receptor cargo, PIP2, the adaptors AP2 and Eps15, and the F-BAR protein FCHo (Henne et al. 2010 ). This hypothesis in particular addressed the earliest stages of coat invagination and it was proposed that FCHo, a curvature-inducing F-BAR protein (Henne et al. 2007; Shimada et al. 2007 ) implicated in clathrin-mediated endocytosis (Sakaushi et al. 2007 ), might induce a "pimple" in the plasma membrane and so initiate the formation of a curved clathrin coat (Henne et al. 2010) . However, subsequent experiments in zebrafish embryos and mammalian cultured cells suggested FCHo is nonessential for general CME (Shimada et al. 2007; Cocucci et al. 2012 ) and is rather an adaptor for BMP receptor (Umasankar et al. 2012) and/or facilitates CCP invagination Shimada et al. 2007; Cocucci et al. 2012) .
In yeast cells a different strategy was used to capture the earliest events in bud formation. Correlative fluorescence microscopy and electron tomography (ET) was used to link the ultrastructure of endocytic buds to the relative time point in endocytic bud progression (Kukulski et al. 2012) . Using Abp1-mRFP as a constant marker, cell lines coexpressing Ede1-GFP (Eps15), Sla1-GFP (Hip1R), and Rvs167-GFP (amphiphysin) were generated. By measuring the relative fluorescence of the Abp1-mRFP and corresponding GFP signal at randomly selected endocytic patches from the three cell lines, nine contiguous time windows were defined and mapped to the corresponding bud topology. When the early module or coat module was present in the absence of actin only flat membrane was found. After the initiation of actin polymerization, measured by Abp1-mRFP fluorescence, .99% of endocytic sites showed either an invagination or vesicle. These results suggest that curvature is not initiated at the point of coat recruitment but rather at the moment when actin polymerization begins at the endocytic site. Surprisingly, clathrin was found to be present on the membrane before the transition from a flat membrane to a highly curved invagination tip (Kukulski et al. 2012 ). This observation conflicts with the generally accepted dogma in which bud curvature is correlated with clathrin-coat growth (Ford et al. 2001 (Ford et al. , 2002 .
THE CELL-WIDE SPATIAL AND TEMPORAL DYNAMICS OF CCP NUCLEATION
One of the great challenges of cell biology is to place molecular events with a spatial scale of nm and temporal scale ,1 sec in the context of larger organelles with a spatial scale of mm and temporal scale .1 sec. The cell-wide nucleation of endocytic buds at the plasma membrane is a case in point and an area of active debate.
The nucleation of mammalian CCPs was first monitored using live-cell fluorescence microscopy (either TIRF or Epi) combined with the expression of clathrin-FP or AP2-FP, which allowed the spatiotemporal dynamics of CCP nucleation to be measured . The moment of nucleation of a CCP was taken as the earliest detection of a fluorescent clathrin or AP2 spot, which subsequently grew in fluorescence as the CCP matured , although the actual moment of nucleation probably occurred 10 -20 sec earlier (Ehrlich et al. 2004 ). In one set of results, mammalian CCP nucleation was found to be pseudorandom and it was proposed that the departure from complete spatial randomness was caused by an exclusion zone around nascent CCPs (Ehrlich et al. 2004) .
In some cellular contexts, the site of repeated mammalian CME events was found to be clearly nonrandom and occurred preferentially at "hot spots" Merrifield et al. 2005; Cao et al. 2011; Nunez et al. 2011; Taylor et al. 2011) . Indeed, the first study to describe the live-cell imaging of CCPs using Clc-GFP revealed multiple CCVs emanating from the same site without the host clathrin-coated structure (CCS) fully dimming . These results were subsequently confirmed using a TIRF-based assay to detect single productive scission events, which showed that both punctate and larger plaque-like clathrin structures ( 0.5 -1 mm) in NIH-3T3 fibroblasts could host trains of multiple, quantized scission events (Merrifield et al. 2005; Taylor et al. 2011) . Trains of scission events were spatially and temporally correlated with transient dimming of the host CCP, suggesting that only part of the coat participated in the budding event (Taylor et al. 2011 ). This would entail either remodeling of an existing flat clathrin lattice (den Otter and Briels 2011) or the addition of a curved domain to the flat lattice edge, as suggested by earlier EM images (Heuser 1980) . Even larger endocytic hotspots were revealed by live-cell confocal microscopy of Dyn2-GFP at the basal membrane of hepatocytes (Cao et al. 2011) . In this instance, the endocytic hot spots occurred in 50% of cells with a lifetime of 10 -30 min, were 2-10 mm in diameter, and could produce up to 10 -15 vesicles/min, in contrast to the 1-2 vesicles/min supported by punctate CCPs. Ultrastructural analysis by EM revealed the hot spots comprised complex tubulovesicular networks with numerous budding clathrin coats. These structures are remarkably similar to the large, complex invaginations seen in neurons from dynamin knockout mice (Ferguson et al. 2007 ). It was suggested that the specialized endocytic plaques in hepatocytes may form transiently as clathrin and other endocytic factors concentrate above a threshold, although the trigger(s) responsible for the formation of such giant hot spots remain unclear.
It may be worth emphasizing here that the definition of "hot spot" is by no means fixed and apparently encompasses different, related phenomena. On the one hand, multiple CCVs can successively emerge in "trains" from fixed sites wherein the clathrin-FP signal never fully dims between budding events Merrifield et al. 2005; Cao et al. 2011; Taylor et al. 2011 ). On the other hand, the sequential nucleation of discrete CCPs can be both spatially and temporally correlated, suggesting that the plasma membrane has some form of "memory" for CCP nucleation (Nunez et al. 2011) . Therefore that the term "hot spot" can mean both repeated endocytic events at the same CCS or repeated nucleation events of discrete CCPs at preferred sites at the plasma memEndocytic Accessory Factors and Regulation of CME Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016733 brane. Precisely how these two different phenomena are related is currently unclear.
In yeast, the endocytic budding events are distributed in a nonrandom manner dependent on the cell-cycle state (Bi and Park 2012) . Initially, in unbudded cells the endocytic sites are equally distributed throughout the cell, but when the budding starts the endocytic events become highly concentrated into the growing daughter cell. Later, during the cytokinesis, the endocytic sites concentrate to the cell division plane between the mother and daughter cells. This polarization of endocytic activity has an important role in the maintenance of the growth polarity (Jose et al. 2013) .
At a smaller spatial scale the endocytic events in yeast appear random, except that they are excluded from plasma membrane regions that are in contact with cortical endoplasmic reticulum (Stradalova et al. 2012 ) and from eisosomes, stable microdomains of the fungal plasma membrane (Brach et al. 2011) . The exclusion of endocytosis from these regions is most likely attributable to steric hindrance inhibiting bud nucleation.
COAT MATURATION AND THE PROPAGATION OF MEMBRANE CURVATURE
There is more than one mechanism to bend a membrane (Kirchhausen 2012; Shen et al. 2012) and therefore understanding precisely how EAPs initiate, promote, and maintain membrane curvature at the forming endocytic bud in vivo remains a challenging problem. Generating curvature in a phospholipid bilayer implies that some form of packing asymmetry exists between the two leaflets of the membrane (Kirchhausen 2012) . In principle, there are at least four ways in which cytosolic EAPs may contribute to lipid asymmetry and membrane curvature during CCP invagination: (1) by locally clustering lipids with larger-than-average head groups through interaction with membrane-associated proteins (Zimmerberg and Kozlov 2006) , by converting one lipid type to another (Kooijman et al. 2003) or by actively transporting a lipid type(s) from one leaflet to the other (Rauch and Farge 2000; Roelants et al. 2010) ; (2) by "floating" an amphipathic helix in the inner leaflet of the membrane (Ford et al. 2002) or by inserting a hydrophobic loop into the inner leaflet of the membrane (Plomann et al. 2010 ); (3) by association of a precurved membrane-binding protein domain (such as BAR, F-BAR, or i-BAR) with the membrane surface (Mim et al. 2012) ; or, most simply, (4) by membrane-associated protein crowding (Stachowiak et al. 2012) . The different mechanisms for generating membrane curvature are summarized in Figure 2 .
Precisely which mechanism(s) plays a role in the different stages of CCP invagination and scission has been the subject of intense study and much of our understanding is based on in vitro reconstitution assays using purified components (Dannhauser and Ungewickell 2012; Ford et al. 2002) . A variety of different EAPs have been shown to induce membrane curvature and lipid tubulation (Fig. 2) (Shen et al. 2012 ) but, perhaps surprisingly, the minimal components for CCP budding in vitro are lipid, an (synthetic) adaptor, clathrin and dynamin (Dannhauser and Ungewickell 2012) . The synthetic adaptor used in these classic experiments was a mutant of epsin wherein the membrane bending ENTH domain was replaced with a histidine tag (H 6 -DENTH-epsin). Lipid vesicles, made from whole brain lipid, were doped with Ni 2þ -NTA-DOGS, which recruited H 6 -DENTH-epsin to the liposome surface. In turn H 6 -DENTH-epsin recruited clathrin, which, at 4˚C, formed flat lattices reminiscent of clathrin plaques found in mammalian cells (Heuser 1980; Saffarian et al. 2009; Dannhauser and Ungewickell 2012) . However, and quite remarkably, on warming to 37˚C the plaques reorganized into clathrin-coated buds of uniform size, which could be released from the liposome surface by dynamin (Dannhauser and Ungewickell 2012) . At 37˚C, the plasma membrane is not a rigid sheet but undergoes low amplitude vibrations (Brown 2003) and although the characteristic length of membrane bending is short ( 50 nm) (Brown 2003) , it remains an intriguing idea that the clathrin lattice may act as a Brownian ratchet and rectify thermally induced flexing of the membrane (Hinrichsen et al. 2006) . This is an attractive idea because, presumably, the clathrin lattice could effectively integrate a variety of curvature-inducing mechanisms giving rise to the vectorial nature of CCP formation (Hinrichsen et al. 2006) .
The degree of invagination of isolated mammalian CCPs is tightly correlated with the amount of clathrin coating on the budding membrane, as shown by thin-section EM (Ehrlich et al. 2004) . From this, one might predict the state of curvature of individual CCPs, labeled with Clc-FP, based on the relative fluorescence of clathrin spots (Ehrlich et al. 2004 ). However, in many cell types at optical resolution such measurements are complicated by the proximity of clathrin-coated buds to neighboring clathrin-coated buds and/or flat clathrin lattices, at least at the basal surface of adherent cells (Heuser 1980; Hinrichsen et al. 2006) . These are most likely endocytically active structures because, when individual scission events were detected in mammalian fibroblasts, it was shown that quantized scission events could be hosted by CCS of variable size and there was not a simple correlation between scission activity and the amplitude of Clc-FP signal (Merrifield et al. 2005; Taylor et al. 2011 Taylor et al. , 2012 . At the time of writing, these findings have not been extended to explore the direct measurement of CCP curvature in real time and in live cells, although this is technically feasible (Sund et al. 1999 ).
MEMBRANE SCISSION
The final moment of endocytic vesicle formation is membrane scission wherein the thin membrane umbilicus linking an endocytic bud to the plasma membrane is severed (reviewed in Lenz et al. 2009; Campelo and Malhotra 2012) . For mammalian cells, it is well established that membrane scission is controlled by the large GTPase dynamin and, because dynamin is perhaps one of the most extensively studied EAPs, rather than tackle the extensive literature, we will limit our discussion to a handful of recent key findings and refer the interested reader to several recent and extensive reviews Ramachandran 2011; Schmid and Frolov 2011; Ferguson and De Camilli 2012; Morlot and Roux 2013 ; see also Johannes et al. 2014) .
In the paradigm of dynamin action in mammalian cells, GTP-bound dynamin is recruited to the thin membrane neck of deeply invaginated CCPs where it executes membrane scission, most likely through GTP-hydrolysis-induced membrane compression (Morlot and Roux 2013) . In a series of elegant biophysical studies using thin membrane tubules drawn from aspirated giant liposomes, Roux and colleagues showed that dynamin oligomerized on membrane tubules induced torque in the membrane tubule on the addition of GTP (Roux et al. 2006; Morlot and Roux 2013) . It was shown that tubules sheared at the boundary between dynamin Endocytic Accessory Factors and Regulation of CME Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016733 coated and uncoated sections of tubule (Morlot and Roux 2013) . Membrane compression occurred rapidly following addition of GTP, as shown previously, but scission occurred much later with a longer delay following Poisson statistics. From these data, combined with careful modeling, the authors concluded that oligomerized dynamin compresses the membrane tubule to a diameter of 5 nm and developed stress at the boundary between the thin dynamin-coated section and thicker, uncoated adjacent regions. Critically, scission was found to be far more efficient if the membrane tubule was placed under tension, most likely because this eliminated the dissipation of dynamin-induced torque by membrane flow and instead favored membrane shearing (Morlot and Roux 2013) . Most likely, a transient hemifused state leads to scission because the scission reaction is not leaky, as determined using elegant conductance measurements (Bashkirov et al. 2008) . Overall, these results mesh well with recent studies publishing the crystal structure of dynamin, which provided detailed insight into the GTP-hydrolysis constriction mechanism of oligomerized dynamin (Chappie et al. 2011; Faelber et al. 2011 Faelber et al. , 2012 Ford et al. 2011) .
The detailed analysis of the molecular mechanism of dynamin-induced membrane scission is a tour de force spread over several decades and involving many different labs Ramachandran 2011; Schmid and Frolov 2011; Ferguson and De Camilli 2012; Morlot and Roux 2013) . However, many questions remain concerning the mechanism of dynamin function and the roles of the numerous binding partners of dynamin including membrane curvature sensing/inducing BAR domain proteins such as amphiphysin and endophilin (Milosevic et al. 2011; Meinecke et al. 2013; Neumann and Schmid 2013) and proteins involved in actin polymerization/depolymerization (reviewed in Menon and Schafer 2013) . Moreover, dynamin can also affect the earlier stages of CCP growth and invagination, although the precise mechanism by which it does so remains obscure (Loerke et al. 2009; Mettlen et al. 2009 ). Therefore the challenge remains to place the detailed molecular mechanism of dynamin membrane severing into the broader context of CCP maturation. One attractive idea is that dynamin works in concert with BAR domain proteins and the actin cytoskeleton to effect CCP invagination and that dynamin delivers the coup de grace to the resulting, strained membrane neck (Gu et al. 2010) . This model is consistent with the discovery that in dynamin 1 þ 2 double knockout fibroblasts CCPs invaginate into the cytoplasm atop long membrane tubules coated with the BAR domain protein endophilin and actin, showing that invagination and actin polymerization still occur in the absence of dynamin but in a deregulated manner (Ferguson et al. 2009 ). This is congruent with a model in which dynamin is recruited after actin and endophilin have formed a thin membrane neck. More recently it was shown that dynamin GTPase mutants modulate actin dynamics at invaginating CCPs (Taylor et al. 2012 ) and, intriguingly, that dynamin itself can bind to actin and displace the capping protein gelsolin (Gu et al. 2010) . These results suggest that there may be a yet more intimate relationship between dynamin and actin polymerization during CCP invagination and membrane scission. However, mammalian endocytosis does not always require actin polymerization.
Importantly, this model of the mammalian endocytic scission mechanism is consistent with a broad range of findings, but despite the compelling evidence that dynamin is necessary for the budding of CCPs some puzzling facts remain. It seems unlikely that dynamin-mediated scission represents a universal mechanism of vesicle budding because vesicles can bud from other membrane surfaces in the cell in a dynamin-independent manner (Campelo and Malhotra 2012) . Moreover, in yeast, the dynamin homolog Vps1 is required for efficient endocytosis but is dispensable for endocytic vesicle budding per se, whereas the actin cytoskeleton is not (Aghamohammadzadeh and Ayscough 2009; Smaczynska-de et al. 2012) . In mammalian cells the opposite is true and dynamin is essential for endocytosis, whereas the actin cytoskeleton is only essential in some cell types or under certain conditions (Aghamohammadzadeh and Ayscough 2009; Boulant et al. 2011) .
A second mechanism for effecting membrane scission is by the generation of a line tension in the membrane neck (Liu et al. 2006 (Liu et al. , 2009 . Here, selective hydrolysis of PIP2 in the developing bud by the PI5 0 phosphatase synaptojanin [in mammalian cells (Chang-Ileto et al. 2011)] or Sjl2 [in yeast cells (Stefan et al. 2005 )] leads to a line tension between PI4P enriched in the bud and PIP2 enriched in the tubular invagination, which remains protected by BAR domain proteins (in yeast) and dynamin (in mammalian cells) (Chang-Ileto et al. 2011) . In yeast cells, this mechanism alone may be sufficient to effect scission of the deep, tubular invaginations formed, perhaps because a turgor pressure of 1 MPa can help squeeze the nascent bud making a dynamin-like constriction mechanism redundant in the final stages of scission (Aghamohammadzadeh and Ayscough 2009) . In mammalian cells, the same PIP2 hydrolysis mechanism most likely works in synergy with dynamin constriction and serves two roles: first to contribute to membrane instability by generating a line tension (Liu et al. 2006 ) and, second, to recruit the PI4P-binding G-cyclin-associated kinase (GAK), necessary for CCV uncoating, to the nascent bud (Lee et al. 2006) . In this scenario, the coincidence of dynamin-constriction-mediated instability and a line tension would presumably work together to effect more efficient scission.
Overall, as for the mechanism(s) of membrane curvature, evolution has apparently blended these different mechanisms of membrane scission in different ways to suit the mechanochemical properties of the host cell. It will be of interest to explore this theme further in other types of walled cells, such as plant stromal guard cells, which have remarkably high turgor pressure of up to 4 MPa (Meckel et al. 2005) .
UNCOATING
Following scission, CCVs rapidly shed their clathrin coat through the coordinated action of the ATPase/chaperone Hsc70 (Chappell et al. 1986 ) and neuronal J-domain kinase (Ahle and Ungewickell 1990) or ubiquitous paralog auxilin2 (cyclin-G-associated kinase, GAK) (Greener et al. 2000; Umeda et al. 2000) .
Live-cell imaging studies revealed GAK was recruited to sites of scission after dynamin (Lee et al. 2006; Massol et al. 2006; Taylor et al. 2011) and that GAK recruitment to budding CCPs required GAK's PI-binding PTEN domain Massol et al. 2006 ). Full-length GAK was found to bind most tightly to monophosphorylated PIs, notably PI4P Massol et al. 2006) , which prompted the hypothesis that conversion of PIP2 to PI4P by a PI5 0 phosphatase might act as the trigger recruiting GAK to newly scissioned vesicles (Massol et al. 2006 ). Indeed it was already known that the 5 0 -PI phosphatase synaptojanin is required for CCV uncoating (Verstreken et al. 2003) and knockout in mice of auxilin1 þ 2 (Yim et al. 2005; Lee et al. 2008) or synaptojanin (Cremona et al. 1999 ) similarly led to accumulation of synaptic CCVs. Loss of PIP2 from the newly scissioned vesicle via synaptojanin-mediated PIP2 dephosphorylation would explain why CCVs also lose their AP2 shell because binding of AP2 to the membrane is mediated by PIP2 (Honing et al. 2005) . This led to a model in which the coordinated action of synaptojanin (to generate PI4P and abolish AP-membrane interaction) and auxilin/GAK/Hsc70 (to remove clathrin) act together to irreversibly shed the clathrin/adaptor coat of newly formed CCVs (Massol et al. 2006) .
One feature of this model that remained unclear was how auxilin / GAK recruitment and synaptojanin recruitment were coordinated. It was previously established that the BAR domain protein endophilin targets synaptojanin to newly scissioned vesicles in Drosophila (Verstreken et al. 2002) . This was later confirmed by the generation of endophilin knockout mice by the de Camilli lab (Milosevic et al. 2011) . Here, knockout of all three endophilin isoforms led to the accumulation of CCVs, but not CCPs, in mouse synapses (Milosevic et al. 2011) .
CONCLUSIONS AND FUTURE DIRECTIONS
One of the most fascinating properties of the endocytic machinery is that, quite unlike any Endocytic Accessory Factors and Regulation of CME Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016733 man-made machine, the machinery self-assembles in a stereotyped manner in the absence of any one "manager" and despite stochastic variation inherent in the small numbers of molecules involved (Sirotkin et al. 2010) . Also, the endocytic machinery is remarkably robust in the sense that particular components can be ablated or mutated and the machinery will often still work, albeit with altered kinetics (Kaksonen et al. 2005) . Understanding the design principles underlying the function of this prototypical self-assembling, a robust molecular machine remains a major challenge in the field.
Most of the experiments described in this review were designed to investigate the properties and mechanistic action of one or a few specific components of the endocytic machinery, often in isolation, and these types of experiments have been essential in understanding how the endocytic machinery works. However, the field has reached a stage of maturity in which diverse studies on different EAPs can be integrated into concise, predictive models. In an elegant paper, Drubin (an experimentalist) and Oster (a theorist) and colleagues integrated ultrastructural, biochemical, and live-cell imaging data of the endocytic machinery in yeast into a mechanochemical model of endocytosis (Liu et al. 2009 ). The model helps explain how, at each moment of the invagination and scission process, feedback loops between changes in membrane geometry, membrane composition, and EAP recruitment seamlessly set the scene for the next moment in the process. Perhaps the future of studies in endocytosis, and membrane trafficking in general, is to develop and rigorously test these types of models and ask how subtle changes in endocytic membrane trafficking may contribute to the development of different disease pathologies over the lifetime of an individual.
Building such predictive models will require systematic, quantitative data on the endocytic machinery including both reductionist data about individual components obtained from in vitro systems and more holistic data from intact cells. Combining these types of approaches will likely be essential for a comprehensive mechanistic model of the endocytic process.
